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I. T
h

e G
o

o
d

 N
ew

s is:

•
G

H
z E

lectro
-M

ag
n

etic w
aves easily p

en
etrate h

u
m

a
n

 tissu
e:

•
T

h
ey reflect fro

m
 all o

f th
e S

p
eech

 articu
lato

r tissu
es

•
E

M
 rad

ar-like sen
so

rs are im
p

o
rtan

t b
ecau

se th
ey...

–
p

ro
vid

e real tim
e in

fo
rm

atio
n

, u
n

affected
 b

y A
co

u
stic

n
o

ise,
–

u
se very lo

w
 p

o
w

er E
M

 w
aves, < 1m

W
 ,

–
can

 b
e very lo

w
 in

 co
st, < $5 each

, in
 q

u
an

tity
–

are very sm
all.
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II. T
h

e N
o

t so
 G

o
o

d
 N

ew
s is:

•
E

M
 w

aves reflect, refract, scatter, an
d

 are p
artly ab

so
rb

ed
 b

y
all d

ielectric an
d

 co
n

d
u

ctivity in
terfaces in

 th
eir p

ath

•
In

terfero
m

etric sen
so

r sig
n

als m
ay b

e am
b

ig
u

o
u

s reg
a

rd
in

g
th

e o
rig

in
s o

f th
eir reflected

 sig
n

als d
u

e to
–

L
o

n
g

itu
d

in
al lo

catio
n

 am
b

ig
u

ity, an
d

–
P

ro
d

u
ct o

f (T
arg

et A
rea x M

o
vem

en
t ) can

 b
e am

b
ig

u
o

u
s

–
S

en
so

r m
o

vem
en

t relative to
 th

e targ
eted

 tissu
es

•
T

ran
sverse reso

lu
tio

n
 is typ

ically 2
-3 cm

, b
u

t lo
n

g
itu

d
in

al
reso

lu
tio

n
 is a few

 m
icro

n
s
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III. G
o

o
d

 N
ew

s: E
M

 sen
so

rs ro
b

u
stly

sen
se V

o
iced

 sp
eech

 sig
n

als
•

D
irect m

easu
rem

en
ts o

f vo
cal fo

ld
 m

o
vem

en
ts--w

ith
 an

d
w

ith
o

u
t co

n
tact:   < 1m

m
 to

 1 cm
 m

o
vem

en
ts

•
P

ressu
re in

d
u

ced
 trach

ea w
all m

o
vem

en
ts (p

rim
arily th

e
an

terio
r w

all):
    10 -20 m

icro
n

 m
o

vem
en

ts.

•
P

ressu
re in

d
u

ced
 vo

ca
l reso

n
ato

r w
all an

d
 su

rface m
o

tio
n

s--
e.g

., ch
eek, to

n
g

u
e, lip

s, p
h

aryn
x, sin

u
s su

rface
s:

     e.g
., 5-10 m

icro
n

 m
o

vem
en

ts

•
(M

acro
-m

o
vem

en
ts o

f jaw
, to

n
g

u
e, lip

s, so
ft p

alate, etc. are
b

ein
g

 q
u

an
tified

)
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•
E

xp
erim

en
t co

n
fig

u
ratio

n
s-g

lo
ttis, trach

ea
w

alls, ch
eek w

all

•
L

aryn
g

eal P
ro

m
in

en
ce L

o
catio

n
 D

a
ta

•
V

o
cal T

ract W
all D

ata

•
C

o
n

clu
sio

n
s

W
h

at are th
e S

o
u

rces o
f

      R
ad

ar-like S
en

so
r S

ig
n

als?
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L
aser d

o
p

p
ler an

d
 E

M
 sen

so
r sig

n
als fro

m
 a

su
b

ject h
avin

g
 a “sto

m
a” in

 th
e n

eck are co
m

p
ared

L
aser D

o
p

p
ler fro

m
In

n
er C

h
eek W

all

L
aser D

o
p

p
ler fro

m
R

ear T
rach

ea W
all

G
em

s o
n

ch
eekG

em
s o

n
 su

b
-g

lottal reg
io

n
4 cm

 b
elo

w
 vo

cal fo
ld

s
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•
E

xp
erim

en
t co

n
fig

u
ratio

n
s

•
L

aryn
g

eal P
ro

m
in

en
ce L

o
catio

n
 D

a
ta

•
V

o
cal T

ract W
all D

ata

•
C

o
n

clu
sio

n
s

W
h

at are th
e S

o
u

rces o
f

      R
ad

ar-like S
en

so
r S

ig
n

als?
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A
n

 E
M

 sen
so

r sig
n

al reflected
 fro

m
 th

e g
lo

ttal area, 
is co

rrelated
 to

 an
 E

M
 sen

so
r sig

n
al u

sin
g

 h
ig

h
sp

eed
 vid

eo
  (3 p

er m
s, 0.03 m

s exp
o

su
re)*

* G
.C

.B
u

rn
ett “T

h
esis U

C
 D

avis” 
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T
h

e E
M

 sen
so

r laryn
g

eal-p
ro

m
in

en
ce sig

n
al is fro

m
vo

cal fo
ld

 o
pen

in
g

 an
d

 clo
sin

g
* , typ

. 1 vo
lt sig

n
als

T
yp

ical E
M

 sen
so

r sig
n

als*

L
aser

velo
city

R
ear w

all
p

o
sitio

n

S
u

b
-g

lo
ttal

P
ressu

re

IE
G

G
 vo

cal
fo

ld
 co

n
tact

M
icro

p
h

o
n

e
aco

u
stics

O
nset of V

ocal F
old closure

* Subject w
as treated for laryngeal paresis follow

ing thyroplasty w
ith

silicon prosthesis im
plant, and im

plant of #6 M
ontgom

ery speaking valve.
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V
ocal Fold

M
em

brane w
ith

C
ircular G

lottal
O

pening

S
im

ulation m
esh

of trachea and
vocal fold
m

em
brane

1.0
cmT

ypical
observation
point of
reflected w

aves

Incom
ing Plane

W
ave 2.3 G

H
z

T
h

e n
eck m

o
d

el is an
 in

fin
ite d

ielectric ( εε εε = 25 ), w
ith

 an
in

tern
al “so

u
p

 can
” air sp

ace d
ivid

ed
 b

y a 4 m
m

 m
em

b
ran

e

E
xam

ple of
parabolic slot in
m

em
brane
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E
xten

sive E
M

 sim
u

latio
ns w

ere em
p

lo
yed

 to
 o

btain
am

p
litu

d
e an

d
 p

h
ase o

f R
eflectin

g
 E

M
 w

aves

-
0.015

-
0.01

-
0.005

0
0.005

0.01
0.015

x

-
0.015

-
0.01

-
0.005 0

0.005

0.01

0.015

y
E

y
Scat.,1.5

cm
cyl.,3

m
m

parabolic
slotHclippedL

0.0

680
A

bs@E
D
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ab

cd

S
im

u
lated

 E
M

 w
ave w

ave reflectio
n

s fro
m

 th
e g

lo
ttal

o
p

en
in

g
 sh

o
w

 o
rig

in
 o

f stro
n

g
 “g

lo
ttal” sig

n
als

S
ag

ittal slice th
ro

u
g

h
1.5 cm

 d
ia air tu

b
e,

w
ith

 4m
m

 vo
cal fo

ld
m

em
b

ran
e &

 circu
lar

h
o

le.

A
) o

p
en

 tu
b

e, w
ave

reflects fro
m

 first
su

rface

B
) fo

ld
 ad

d
u

ctin
g

,
carried

 w
ave in

to
 tu

b
e

C
) n

o
m

in
al o

p
en

in
g

 in
fo

ld
s, sh

o
w

in
g

reflectio
n

 lo
catio

n
s

D
) clo

sed
 g

lo
ttis sh

o
w

s
little reflectio

n
, w

ave
p

asses th
ro

u
g

h
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-
0.04

-
0.02

0
0.02

0.04

x
Hm
L

25 50 75

100

125

150

175
Ey HV mL

Larynx,A
bs@E

y Dscattered,
dia=

1.5
cm

,
q=

90
deg.,const.vol.

x (m
)

M
easurem

ent
 L

ocation, 1.75 cm

T
rachea

T
ube

1.5 cm
 ID

E
M

 E
y

A
m

plitude
V

/M
G

lottis C
ondition-

Solid
O

pen
A

R
=

 0.25
A

R
 =

 0.5

X
 (M

)

F
ro

m
 th

e sim
u

latio
n

s w
e o

b
tain

 reflected
 E

M
 w

ave
A

m
p

litu
d

es an
d

 ΦΦ ΦΦ
s, fo

r an
 o

p
en

 tu
b

e, a so
lid

 m
em

b
ran

e,
circu

lar an
d

 slo
t o

p
en

in
g

s in
 th

e m
em

b
ran

e

C
ircu

lar G
lo

ttal O
p

en
ing
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B
o

th
 p

h
ase an

d
 am

p
litu

d
e co

n
trib

u
te to

 th
e E

M
 sen

so
r

sig
n

al, A
 co

s ΦΦ ΦΦ
,, ,, b

etw
een

 co
n

fig
u

ratio
n

s.  A
 p

h
ase an

d
am

p
litu

d
e ju

m
p

 o
ccu

rs u
p

o
n

 in
itial fo

ld
 sep

aratio
n

.

0.008
0.01

0.012
0.014

0.016
0.018

0.02

-
50

-
25 0 25 50 75

100

x (m
)

phase Ey (deg)

Parabolic slot w
idth:

open:     black, dot-dash
3 m

m
:   red, solid

2 m
m

:   grn, short dash
1 m

m
:   blue, m

ed. dash
0.5 m

m
: violet, long dash

0. m
m

:   black, solid
1.5cm

 dia

S
lot w

idth

P
hase jum

p upon slot
form

ation

P
hase changes

versus slot increase
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A
n

 air flo
w

 fu
n

ctio
n

 can
 b

e g
en

erated
 b

y asso
ciatin

g
th

e E
M

 sen
so

r sig
n

al w
ith

 g
lo

ttal area ( In
 P

ro
g

ress)

50

60

70 80

0.25
0.5

0.75
1.0

G
lo

ttal area ratio

Signal Level 

nom
inal region of vocal 

fold opening and 
closing

40

circu
lar 

p
arab

o
lic 

P
arabolic slot

show
s  rapid

initial rise in
reflectivity due
to slot form

ation
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•
E

xp
erim

en
t co

n
fig

u
ratio

n
s

•
L

aryn
g

eal P
ro

m
in

en
ce L

o
catio

n
 D

a
ta

•
V

o
cal T

ract W
all D

ata

•
C

o
n

clu
sio

n
s

W
h

at are th
e S

o
u

rces o
f

      R
ad

ar-like S
en

so
r S

ig
n

als?
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V
o

cal tract w
all exp

erim
en

ts,e.g
., trach

ea an
d

 ch
eek,

sh
o

w
 5-10 m

icro
n

 m
o

tio
n

s versu
s 5-10 cm

 H
2 O

p
ressu

re cycles

L
aser D

o
p

p
ler fro

m
In

n
er C

h
eek W

all, 15
m

icro
n

 m
o

vem
en

t d
u

e
to

 5 cm
 H

2 O
 ∆∆ ∆∆

-p
ressu

re

L
aser D

o
p

p
ler fro

m
 R

ear T
rach

ea
W

all, 14 m
icro

n
 m

o
vem

en
t d

ue to
7 cm

 H
2 O

 ∆∆ ∆∆
-p

ressu
re

G
em

s o
n

 su
b

-g
lottal reg

io
n

4 cm
 b

elo
w

 vo
cal fo

ld
s, 15 m

icro
n

s
m

o
vem

en
t o

f anterio
r su

b
-g

lo
ttal w

all
(fro

m
 30 m

V
 sen

so
r sig

nal)

G
em

s o
n

ch
eek

E
m

p
lo

yed
 an

 E
M

sen
so

r, laser,
p

ressu
re sen

so
r,

E
G

G
, an

d
m

icro
p

h
o

n
e.
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E
M

 sen
so

r sig
n

al am
p

litu
d

e an
d

 sh
ap

e can
 b

e
estim

ated
 b

y sim
u

latin
g

 ch
an

g
es in

 p
o

sitio
n

 o
f

p
o

sterio
r an

d
 an

terio
r su

rfaces o
f th

e trach
eal tu

b
e

-
0.02

-
0.01

0
0.01

0.02
0.03

x

-
0.02

-
0.01 0

0.01

0.02

0.03

z

A
nterior W

all
reflection, typ. 40 m

V

Incident
E

M
 w

ave

P
osterior W

all
R

eflection, est. 4 m
V

A
nterior w

all m
ovem

ent
P

osterior w
all m

ovem
ent

Sub-glottal
pressure changes
of 5-10  cm

 H
2 O
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E
M

 sen
sed

 su
b

g
lo

ttal trach
ea w

all sig
n

als sh
o

w
an

terio
r w

all “b
allo

o
n

in
g

” versu
s p

ressu
re

O
nset of Fold

closure

E
M

 sen
so

r m
easured

trach
ea w

all m
o

tion
, -4cm

d
o

w
n

 fro
m

 laryn
x, g

ivin
g

40m
V

 sig
n

als

R
ear trach

eal w
all

p
o

sitio
n

 versu
s tim

e,
fro

m
 laser d

o
p

p
ler

velo
city sign

al

V
o

cal fo
ld

sig
n

als, 1 V

Sub-glottal
anterior w

all
m

ovem
ent
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•
E

xp
erim

en
t co

n
fig

u
ratio

n
s

•
L

aryn
g

eal P
ro

m
in

en
ce L

o
catio

n
 D

a
ta

•
V

o
cal T

ract W
all D

ata

•
C

o
n

clu
sio

n
s

W
h

at are th
e S

o
u

rces o
f

      R
ad

ar-like S
en

so
r S

ig
n

als?
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C
o

n
clu

sio
n

: L
o

w
 p

o
w

er, in
terfero

m
etric E

M
 w

ave
sen

so
r sig

n
als are u

n
d

ersto
o

d
 and

 very u
sefu

l fo
r

real tim
e sp

eech
 p

ro
cessin

g

•
W

e can
 m

easu
re V

ocal-T
ract tissu

e in
terface m

o
tio

n
s as sm

all as
∆∆ ∆∆

 = + 1 µµ µµm
 u

sin
g

 < 0.5 m
W

 in
terfero

m
etric sen

so
rs:

•
T

w
o

 typ
es o

f G
lo

ttal related
 sig

n
als (100-200H

z) are o
b

tain
ed

 fro
m

 th
e

n
eck an

d
 h

ead
 regio

n
:

–
D

irect m
easu

rem
en

t o
f vo

cal fo
ld

 cycle, ∆∆ ∆∆
x = 0.1- 1 cm

–
A

ir p
ressu

re in
d

u
ced

 vocal tract w
all m

o
vem

en
t, ∆∆ ∆∆

x = 5-15 µµ µµm

•
L

o
w

 p
o

w
er E

M
 sen

so
r sig

n
al d

ata are en
ab

lin
g

 trem
en

do
u

s
im

p
ro

vem
en

ts in
 h

u
m

an
 sp

eech
 ch

aracterizatio
n

 fo
r m

an
y

ap
p

licatio
n

s
–

L
o

w
 B

an
d

w
id

th
 V

o
co

d
in

g
, < 300 H

z
–

D
en

o
isin

g
–

S
p

eaker V
erificatio

n
–

S
p

eech
 R

eco
g

n
itio

n
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P
ressure

R
eservoir

(lungs)
1

2
3

4

lips

jaw

tongue

pharynx

vocal 
folds

soft palate

subglottus

E
M

 
sensor

m
icrophone

H
o

rizo
n

tal vo
cal tract w

ith
 4 

reso
n

ato
r ch

am
b

ers

ω

spectral output or 
T

ransfer function

E
M

 Sensor
E

xcitation

0
0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

1
.0

5
0
0

1
0
0
0

1
5
0
0

2
0
0
0

2
5
0
0

F
re

q
u

e
n

c
y

Normalized Amplitude

3
0
0
0

3
5
0
0

4
0
0
0

4
5
0
0

5
0
0
0

T
ransfer function

F
or /a/

A
coustic

subglottis

T
h

e h
u

m
an

 vo
cal tract can

 b
e w

ell ch
aracterized

 if a
su

fficien
tly g

o
o

d
 excitatio

n
 fu

n
ctio

n
 can

 b
e o

b
tain

ed

E
A

T
F

(ωω ωω
) = A

(ωω ωω
) / E

(ωω ωω
)
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Jaw
 o

p
en

Jaw
clo

sed

2 E
M

 sen
so

r m
easu

rem
en

ts fo
r “b

u
tter”,

g
lo

ttis an
d

 jaw
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u
t

e...r

G
lo

ttal-syn
ch

ro
n

o
u

s tran
sfer fu

n
ctio

n
s fo

r
“b

u
tter” u

sin
g

 E
M

 sen
so

r excitatio
n

 &
 A

R
M

A
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A
d

d
itio

n
al in

fo
rm

atio
n

 is availab
le at th

e fo
llo

w
in

g
:

•
S

ee w
eb

 sites fo
r ad

d
itio

n
al in

fo
rm

atio
n

:
–

h
ttp

://sp
eech

.lln
l.g

o
v  (m

an
y rep

o
rts an

d
 p

ap
ers)

–
h

ttp
://w

w
w

.alip
h

.co
m

/m
ain

/so
u

n
d

d
em

o
s.h

tm
  (L

L
N

L
 licen

see: com
m

ercial ap
p

lication
s an

d
 d

em
o

n
stratio

n
s)

•
R

ecen
t w

o
rkin

g
 d

raft, availab
le as p

rep
rin

t, d
escrib
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